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Abstract
XGef was isolated in a screen for proteins interacting with CPEB, a regulator of mRNA translation in early Xenopus development. XGef
is a Rho-family guanine nucleotide exchange factor and activates Cdc42 in mammalian cells. Endogenous XGef (58 kDa) interacts with
recombinant CPEB, and recombinant XGef interacts with endogenous CPEB in Xenopus oocytes. Injection of XGef antibodies into stage
VI Xenopus oocytes blocks progesterone-induced oocyte maturation and prevents the polyadenylation and translation of c-mos mRNA;
injection of XGef rescues these events. Overexpression of XGef in oocytes accelerates progesterone-induced oocyte maturation and the
polyadenylation and translation of c-mos mRNA. Overexpression of a nucleotide exchange deficient version of XGef, which retains the
ability to interact with CPEB, no longer accelerates oocyte maturation or Mos synthesis, suggesting that XGef exchange factor activity is
required for the influence of overexpressed XGef on oocyte maturation. XGef overexpression continues to accelerate c-mos polyadenylation
in the absence of Mos protein, but does not stimulate MAPK phosphorylation, MPF activation, or oocyte maturation, indicating that XGef
may function through the Mos pathway to influence oocyte maturation. These results suggest that XGef may be an early acting component
of the progesterone-induced oocyte maturation pathway.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Because of rapid cleavages following fertilization, oocytes
stockpile proteins and transcribe and store mRNAs during
oogenesis to be used during early embryogenesis. These
mRNAs encode proteins necessary for events ranging from the
completion of meiosis to embryonic axis formation and spec-
ification of cell lineages (Wickens et al., 2000). For some
mRNAs, their translational repression and subsequent transla-
tional activation require the presence of a U-rich sequence, the
cytoplasmic polyadenylation element (CPE), within their
3UTRs (Mendez and Richter, 2001). The CPE is bound by a
specific mRNA-binding protein, CPEB, which has multiple
roles during oogenesis and oocyte maturation, suggesting in-
volvement of a diverse group of regulatory proteins. In stage
VI Xenopus oocytes, arrested in prophase of meiosis I, CPEB
may mediate translational repression through an interaction
with Maskin (Cao and Richter, 2002; Stebbins-Boaz et al.,
1999), and perhaps other proteins. During meiotic maturation,
CPEB assumes a positive regulatory function and is required
for the polyadenylation of selected mRNAs, which is coupled
with their translational activation.
Meiotic maturation in Xenopus is induced by the action
of progesterone at the oocyte membrane, apparently via
nontranscriptional signaling through a classical progester-
one receptor (Bayaa et al., 2000; Tian et al., 2000). How the
receptor responds to and propagates the progesterone signal
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are currently unknown (Maller, 2001), although a drop in
cAMP concentration and cAMP-dependent protein kinase
(PKA) activity occur very rapidly after progesterone addi-
tion and are required for induction of maturation (Palmer
and Nebreda, 2000). Early during oocyte maturation, Au-
rora-A (Aur-A) kinase is activated (Andresson and Ruder-
man, 1998), which then phosphorylates CPEB on serine 174
(P-S174CPEB) (Mendez et al., 2000a). In vitro, P-S174CPEB
recruits an active polyadenylation complex to CPE-contain-
ing mRNA (Mendez et al., 2000b) and it is likely that a
similar mechanism also occurs in vivo to promote polyade-
nylation-induced translation of stored c-mos mRNA. The
polyadenylation-induced translation of c-mos mRNA, me-
diated by CPEB (Stebbins-Boaz et al., 1996), can trigger
meiotic maturation (Sheets et al., 1995). Once synthesized,
Mos protein activates a mitogen-activated protein kinase
(MAPK) signaling cascade, which is necessary for timely
germinal vesicle (nuclear envelope) breakdown (GVBD)
and spindle formation (Fisher et al., 1999; Gross et al.,
2000). Mos protein also participates in the activation of
maturation promoting factor (MPF) (Palmer and Nebreda,
2000). MPF then directs key maturation events such as GVBD
and chromatin condensation (Sagata, 1997). Later during oo-
cyte maturation, several mRNAs in addition to c-mos are
regulated by polyadenylation-induced translation, including
cyclins B1 and A1, wee 1, and embryonic histone B4 (Ballan-
tyne et al., 1997; Charlesworth et al., 2000; de Moor and
Richter, 1997; Sheets et al., 1994; Stebbins-Boaz et al., 1996).
Although each of these mRNAs requires the CPE and CPEB
for translational activation, there are temporal differences in
their activation that have yet to be mechanistically explained.
We used a yeast two-hybrid screen to identify additional
proteins that mediate CPEB function during Xenopus oo-
genesis and oocyte maturation. One of these encodes XGef,
which has significant homology to members of the Rho
guanine nucleotide exchange factor (GEF) family, and can
activate Cdc42 in mammalian cells. Injection of XGef-
specific antibodies into Xenopus oocytes dramatically re-
duces their ability to undergo maturation upon progesterone
stimulation, suggesting that XGef is involved in this pro-
cess. Overexpression of XGef in Xenopus oocytes induced
to mature with progesterone accelerates the polyadenylation
of c-mos mRNA, Mos protein synthesis, and oocyte matu-
ration. These results, combined with our observation of a
physical interaction between XGef and CPEB in ovo, sug-
gest a functional interaction between CPEB and XGef. We
propose that XGef may be a newly identified component of
the progesterone-induced oocyte maturation pathway.
Materials and methods
Yeast two-hybrid screen
Procedures for screening a yeast two-hybrid library and
subsequent analyses were performed as described in the
Yeast Protocols Manual (Clontech). The bait plasmid LN-
CPEB was created by excising the aminoterminal half of
CPEB from pCPEB (Hake and Richter, 1994) with EcoNI
and partial NcoI cleavage and inserting it adjacent to the
LexA DNA-binding domain of SmaI-cut pBTM116 (Vojtek
et al., 1997). A Xenopus oocyte cDNA library constructed in
pACT2 (Clontech) was transformed into Saccharomyces
cerevisiae strain L40 containing pLN-CPEB. Approxi-
mately 850,000 clones, representing 24% of the library,
were screened. Inserts from 17 clones were sequenced by
the Beth Israel Deaconess Medical Center Sequencing Fa-
cility and analyzed by BLAST comparison to the translated
nucleotide sequence database (http://www.ncbi.nlm.nih.
gov:80/BLAST).
Plasmid constructs
The insert encoding amino acids 7–465 of XGef was
excised from pACT2 by digestion with BamHI and BglII
and was inserted into the BamHI site of Pet 15B (Novagen)
to create pHisGef-15B. Plasmid HA-SGef-SP was con-
structed by inserting HA-tagged XGef obtained by PCR into
the pSP64-S vector (Krieg and Melton, 1984). Amino acids
32–465 of XGef were inserted directly into the vector pCR
T7/NT TOPO (Invitrogen) to produce pCR His-XGef. Plas-
mid HA-SP is derived from pSP64-S and contains an HA-
tag and an expanded polylinker site (GenBank Accession
No. AF531171). The complete XGef coding region was PCR
amplified from pHisGef-15b using sense primer 5 ATATAT-
CATATGTCACATTCCAGCCCCAGCACATGGGAAATT-
CCA 3 and antisense primer 5 GCGAGATCTTCAGAG-
CAGGGAGCAACTCCA 3. The product was digested with
NdeI and BglII and inserted into pHA-SP to produce pHA-
LGef-SP. Plasmid HA-Glb-SP was made by PCR amplifica-
tion of the Xenopus globin major beta-chain open reading
frame (GenBank Accession No. V0143) using sense primer:
5-ACTTAACATATGGGTTTGACAGCACATGAT-3 and
antisense primer 5-TATAGATCTTAGTGGTAACCCTT-
GCCAA-3. The product was digested with NdeI and BglII
and inserted into pHA-SP. Plasmid 3 UTR-mos-BS was
made by PCR amplification of 321 nt of the 3 most por-
tion of the c-mos mRNA 3UTR (GenBank Accession
No. X13311) using sense primer: 5 AAAGAGCTCA-
CTAGTAGCCAGGAGTTCAT 3 and antisense primer:
5 CGTTCTAGACAAATCAATTTCTTTATTATA 3
with plasmid DNA from a Xenopus oocyte cDNA library
(Clontech). The product was digested with SacI and XbaI
and inserted into pBS SK  (Stratagene). Plasmid GST-
CPEB-SP was made by PCR amplification of the GST-
CPEB ORF in pGST-CPEB (Hake and Richter, 1994) using
sense primer 5 ATCGGTACCATGTCCCCTATACTA-
GGT 3 and antisense primer 5 TGCTAGATCTTTAGCT-
GGAGTCACGACT 3. The product was digested with
KpnI and BglII and inserted into pSP64-S (Krieg and Mel-
ton, 1984). Plasmid HA-XGef(-DH) was generated by cre-
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ating an internal deletion in pHA-LGef-SP, following the
instructions in the Quik Change Multi-Site-Directed Mu-
tagenesis Kit (Stratagene) using sense primer 5 CCA-
TGGCTTGCTCTCGAGAATGAGCGGCACCTCCGAAGG
3 and antisense primer 5 CTCGAGAGCAAGCCATGGTT-
TGGCCGTTGTCAGTCTCTTGCGC 3. All ligation prod-
ucts were transformed into Epicurian Coli XL1-blue com-
petent cells (Stratagene) following the manufacturer’s
protocol and sequenced. The pAX142 mammalian expres-
sion vector has been described previously (Whitehead et al.,
1995). pAX142-XGEF was made by excising the EcoRI/
BamHI fragment from pHA-LGef-SP, blunting the ends,
and inserting into pAX142 digested with SmaI.
Cell culture and transfection
293T cells were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM; high glucose) supplemented with
10% fetal bovine serum (Sigma, St. Louis, MI). Cells were
transfected by calcium phosphate coprecipitation (without
glycerol shock) as described (Whitehead et al., 1995).
Cdc42, Rac1, and RhoA, activation assays
Affinity purification assays were used to measure Rho
protein activation in 293T cells as described previously
(Korus et al., 2002). Briefly, the immobilized Rho-binding
domains of Pak3 (GST-PBD) or RhoA (GST-C21) were
used to precipitate activated GTP-bound Rac1, Cdc42
(GST-PBD), or RhoA (GST-C21) from 293T cell lysates.
Cells were washed in cold phosphate-buffered saline and
then lysed in 50 mM Tris–HCl, pH 7.4, 2 mM MgCl2, 100
mM NaCl, 10% glycerol, 1% NP-40, 1 g/ml leupeptin, 1
g/ml pepstatin, 1 g/ml aprotinin, and 1 g/ml PMSF.
Cell lysates were then cleared by centrifugation at 10,000 g
for 10 min at 4°C. The expression of proteins was confirmed
by immunoblotting prior to affinity purification. Lysates
used for affinity purification were normalized for endoge-
nous Rho levels. Affinity purifications were carried out at
4°C for 1 h, washed three times in an excess of lysis buffer,
and then analyzed by immunoblotting.
5 RACE
Xenopus total ovary RNA and poly(A) mRNA were
used for 5 rapid amplification of cDNA ends (5 RACE;
Version 2.0 Gibco-BRL). Poly(A) mRNA from total
ovary RNA was obtained using the Oligotex mRNA minikit
(Qiagen). Complementary DNA synthesis and 5 RACE
were performed with both total ovary RNA (6 g) and
ovary mRNA (100 ng, 300 ng, and 1 g). Gene-specific
primers were as follows: gef 2a: 5 CTCCAATGGTCGTC-
CCTTCAGCTCC 3; gef 3a: 5 CAGCGAGGACATCA-
GAGAACAAGAAGAACA 3; gef 4a: 5 CTGTGGGCT-
CTATACTATCCGCATGCTTCT 3.
RNA blot analysis
RNA was purified and analyzed as described (Hake et
al., 1990). Membranes were hybridized (Church and Gil-
bert, 1984) with a [32P]dCTP-labeled DNA fragment (De-
caprime kit, Ambion) corresponding to the first 1297 bp of
the XGef ORF and visualized by phosphorimagery.
RNA transcription, injection, and analysis of
polyadenylation
Plasmids HA-Glb-SP and HA-LGef-SP were linearized
with XbaI; pHA-SGef-SP was linearized with BamHI, and
pGST-CPEB-SP was linearized with SalI. In vitro transcrip-
tion was performed with the SP6 mMessage mMachine kit
(Ambion). Stage VI oocytes from nonprimed Xenopus lae-
vis adult females were obtained by enzymatic digestion of
ovarian lobes in 1 Barth’s saline using 2 mg/ml collage-
nase (type II, Sigma) and 0.6 U/ml dispase (Roche) and by
incubation for 3 h. Oocytes were then washed and incubated
in 1 Barth’s saline for at least 3 h, injected as described
previously (Reverte et al., 2001), and incubated for 12–20 h.
In some experiments, 25 nl of an 800 ng/l mRNA solution
was injected into each oocyte in combination with the same
volume of PAGE–purified sense or antisense c-mos 25-mer
oligonucleotides, corresponding to the 5 part of the c-mos
mRNA 3UTR (4 g/l), synthesized, and purified as de-
scribed by de Moor and Richter (1997). To analyze poly-
adenylation, p3UTR-mos-BS was linearized with XbaI and
transcribed using the MAXIscript kit (Ambion), in the pres-
ence of cap analog (Ambion) and [32P]UTP (10 Ci/l,
3000 C/mmol; Perkin–Elmer). Radiolabeled RNA (1  105
cpm) was injected into stage VI oocytes.
Protein–protein interaction assays
Protein extracts were prepared from oocytes by homog-
enization in protein binding buffer (1 PBB  140 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4)
containing 0.1% Triton X-100 and a protease inhibitor
cocktail (5 ng/l leupeptin and 10 ng/l each chymostatin,
pepstatin, and aprotinin). Clarified extract was incubated
with glutathione-agarose beads (Pharmacia Biotech) over-
night at 4°C, rotating. Beads were washed with 40 vol 1
PBB, resuspended in 2 SDS sample loading buffer,
boiled, and analyzed by SDS–PAGE and immunoblotting.
Antibody production and purification
Anti-XGef antibodies were raised by injection of His–
XGef fusion protein (pCR T7/NT TOPO kit, Invitrogen)
into rabbits (Covance Research Products). Crude anti-XGef
rabbit polyclonal serum was incubated with nitrocellulose
strips containing 10 g of purified His–XGef protein in
1.2 ml 5% dry milk in TBST rotating for 16 h at 4°C.
XGef-specific antibodies were eluted with 300 l 100 mM
385C.G. Reverte et al. / Developmental Biology 255 (2003) 383–398
glycine, pH 2.5, followed by addition of 30 l 1 M Tris, pH
8.0. In a separate tube, 3 g control rabbit anti-rat IgG
(Vector Laboratory) was added to 300 l 100 mM glycine,
pH 2.5, and treated in parallel. Samples of IgG were de-
salted and concentrated using a Centricon-30 column and
1 XB buffer (100 mM KCl, 0.1 mM CaCl2, 1 mM MgCl2,
10 mM K-Hepes pH 7.6).
Protein extracts and immunoblot analysis
Oocyte protein extracts were prepared as described
(Hake and Richter, 1994). Staged embryo protein extracts
were made by Dounce homogenization in 1 NET buffer
(50 mM Tris–Cl pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM
EDTA), followed by centrifugation (12 krpm, 4°C, 15 m) to
pellet-insoluble material.
Protein extract was boiled with SDS sample loading
buffer and electrophoresed on 10% SDS– polyacrylamide
gels. Immunoblot analysis was performed as described
(Harlow and Lane, 1988). Primary antibody dilutions were
1:4000 for rabbit polyclonal anti-XGef, 1:1000 for mouse
monoclonal anti-HA (Babco), 1:1000 for rabbit polyclonal
anti-Mos (Santa Cruz Biotechnology, Santa Cruz, CA),
1:1000 for rabbit polyclonal anti-PhosphoMAPK (New En-
gland Biolabs, Beverly, MA), 1:1000 for goat polyclonal
anti-GST (Amersham Pharmacia Biotech), 1:1000 for
mouse antiproliferating cell nuclear antigen (PCNA)-Biotin
(Zymed Laboratories, Inc.), 1:500 for mouse anti-Cdc2
(Abcam, Cambridge, UK), and 1:5000 for rabbit polyclonal
anti-Xp54 helicase (Ladomery et al., 1997). The secondary
antibodies were diluted 1:20,000 for goat anti-rabbit IgG-
HRP (Vector Laboratories), 1:5000 for donkey anti-goat
IgG HRP (Santa-Cruz Biotechnology), and 1:10,000 for
goat anti-mouse IgG-HRP (Santa Cruz Biotechnology).
HRP-linked secondary antibodies were detected by en-
hanced chemiluminescence using the Renaissance Kit
(NEN Life Science Products). Protein expression in tran-
siently transfected 293T cells was determined by immuno-
blot analysis as described (Korus et al., 2002). Cdc42,
RhoA, and RacI were detected by the B-8 and 26C4 mono-
clonal, and C-14 polyclonal antibodies, respectively (Santa
Cruz Biotechnology). Protein was visualized with enhanced
chemiluminescence reagents (Amersham Pharmacia, Pisca-
taway, NJ).
Results
XGef, a new CPEB-interacting protein
To identify proteins that could interact with CPEB, we
performed a yeast two-hybrid screen using the aminotermi-
nal half of CPEB fused to the lex-A DNA binding domain
as bait (Fig. 1A, LN-CPEB, top). We used this domain of
CPEB because it contains regulatory phosphorylation sites
(Mendez et al., 2000a, 2002) and a PEST domain critical for
proteasome-mediated degradation (Reverte et al., 2001),
whereas the only known function of the carboxyterminal
domain is RNA binding (Hake et al., 1998). Using a Xeno-
pus oocyte cDNA library as prey, we isolated four indepen-
dent cDNA clones encoding a putative Rho-family guanine
nucleotide exchange factor, which we have designated
XGef. Only those yeast strains coexpressing XGef and LN-
CPEB were able to grow in 60 mM 3AT (Fig. 1A, bottom,
grid position f4). Yeast strains expressing several other
activation domain fusion proteins do not grow on 60 mM
3AT when coexpressed with LN-CPEB or other DNA-
binding domain fusion proteins.
The longest XGef encoding insert sequence isolated
from the cDNA library was 1721 nt, with a 30 nt poly(A)
tail. We performed 5 RACE to be certain we had obtained
the full-length coding sequence. Analysis of the RACE
clones extended the 5 sequence by 50 nt. The resulting
compiled XGef cDNA sequence is 1771 nt and contains a
32 nt 5UTR, a 1398 nt open reading frame (ORF), a 341 nt
3 UTR, and a poly(A) tail (data not shown; GenBank
Accession No. AY095313). We believe we have obtained
most, if not all, of the XGef cDNA sequence, because the
compiled cDNA length of 1771 nt correlates well with the
1.8 kb XGef mRNA detected by RNA blotting (see below).
The 465 amino acid ORF of XGef contains complete double
homology (DH) and pleckstrin homology (PH) domains
(Fig. 1B). These domains are characteristic of Rho-family
GEFs, which catalyze the exchange of GDP for GTP in
Rho-family G-proteins (Bishop and Hall, 2000). In addition,
XGef contains a region that could form a coiled-coil, as
predicted using the Coils program (Lupas et al., 1991). A
consensus CAAL box, CSSL, at the carboxyterminus of
XGef, represents a potential site for addition of a gera-
nylgeranyl isoprenoid group (Schafer and Rine, 1992),
which could mediate XGef membrane association. Within
the DH and PH domains, XGef is most similar (19% iden-
tity, 39% similarity) to the rat actin-filament binding pro-
tein, Frabin, which has been functionally characterized as a
Rho-family GEF (Fig. 1C; Obaishi et al., 1998). The DH
and PH domains of XGef also have high similarity to
uncharacterized ORFs from human, Drosophila, and
mouse, and contain a number of residues conserved among
a diverse array of Rho-family GEFs (Whitehead et al.,
1997).
XGef activates Cdc42 in 293T cells
To determine if XGef can function as a guanine nucle-
otide exchange factor, we measured the levels of Cdc42-
GTP, Rac1-GTP, and RhoA-GTP in 293T cells transiently
transfected with XGef (Fig. 2A, B, and C, respectively). For
comparison, empty vector and Db1-HA1, an exchange fac-
tor for Cdc42, Rac1, and RhoA, were transfected into par-
allel cultures. In this system, XGef can exchange GDP for
GTP only for Cdc42, as seen in Fig. 2A (lane 2, top). The
activity of XGef is fivefold lower than that of the control,
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Fig. 1. Identification of a new CPEB-interacting protein, XGef. (A) Top, construction of the CPEB bait plasmid used in the yeast two-hybrid screen (LN-CPEB).
L Lex A DNA binding domain; Aur-A Aur-A kinase phosphorylation site; R1 and R2 RNA recognition motifs 1 and 2; ZF zinc finger. Bottom, growth
of transformed yeast in selective media. Bait plasmids (left) were cotransformed with prey plasmids (top) into the yeast strain L40. Equivalent numbers of cells were
spotted onto solid selective media containing 60 mM 3-aminotriazol (3-AT). In addition to LN-CPEB, bait plasmids (Mangus et al., 1998) included the empty bait
plasmid, lexA(DB); PAF1, poly(A) factor 1; MOT1, putative yeast RNA helicase; MTF1, mitochondrial RNA polymerase specificity protein. Prey plasmids included
the following: XCCA, Xenopus ATP(CTP):tRNA nucleotidyltransferase; pACT, empty prey plasmid; clone 31, a negative control obtained from the screen; XGef.
(B) Amino acid sequence and domain organization predicted from the DNA sequence of XGef. See text for details. (C) Sequence comparison of the DH and PH
domains from XGef with those of other Rho GEFs using the Macbox Shade program (Baylor College of Medicine). FLJ14642 is a putative Homo sapiens Rho-GEF;
CG8606 is a putative Drosophila melanogaster Rho-GEF; frabin is a functionally characterized Rattus norvegicus Rho-GEF; and KIAA0793 is a putative Mus
musculus Rho-GEF. Amino acids conserved among over 20 Rho-family GEFs are indicated by the squares. A filled square indicates that the amino acid is also
conserved in XGef; an open square indicates that the amino acid is not conserved in XGef. The asterisk indicates a strictly conserved amino acid that is present in
XGef; the plus sign indicates a strictly conserved amino acid that is not.
Dbl-HA1, indicating that XGef has weak exchange factor
activity.
CPEB and XGef interact in ovo
The interaction of XGef and CPEB was tested in oocytes
overexpressing glutathione-S-transferase-tagged CPEB
(GST-CPEB). GST-CPEB complexes were isolated by glu-
tathione affinity, and the presence of endogenous XGef in
these complexes was verified by immunoblotting with anti-
XGef antibodies (Fig. 3A). The binding of XGef to gluta-
thione beads was dependent upon the presence of GST-
CPEB (compare lanes 2 and 4). Endogenous XGef did not
interact with beads in the presence of GST alone (lane 4).
The reciprocal experiment, performed by overexpression of
GST-XGef (Fig. 3B) followed by immunoblotting with an-
ti-CPEB antibody, demonstrates that endogenous CPEB
only interacts with glutathione beads in the presence of
GST-XGef (compare lanes 2 and 4). These results indicate
that both GST-CPEB and GST-XGef can interact with en-
dogenous XGef and endogenous CPEB, respectively, in
ovo, and strongly suggest that endogenous CPEB interacts
with endogenous XGef. We have not yet observed an in-
teraction between endogenous XGef and endogenous CPEB
by coimmunoprecipitation, due to technical difficulties re-
sulting from the fact that available antisera for both XGef
and CPEB were raised in rabbits, and both proteins are
similar in size to IgG heavy chain.
Because further experiments would rely on the in ovo
expression of recombinant XGef, we tested the ability of
overexpressed HA-tagged XGef (HA-XGef) to interact with
GST-CPEB (Fig. 3C). GST-CPEB complexes were isolated
by glutathione affinity, and the presence of HA-XGef and
GST-CPEB in these complexes was verified by immuno-
blotting with anti-HA and then anti-GST antibodies. As
found for endogenous XGef, HA-XGef bound only to GST-
CPEB-containing beads (compare lanes 2 and 6). The in-
teraction between HA-XGef and GST-CPEB is not medi-
ated by their mutual binding to RNA, as the interaction is
maintained in reactions containing RNAse A (lane 8).
Developmental expression of XGef
RNA blot analysis (Fig. 4A) shows that XGef is encoded
by a 1.8-kb mRNA. XGef mRNA accumulates as an oocyte
progresses through oogenesis, reaching a peak in stage V
and VI oocytes (lanes 1–6). XGef transcripts continue to be
detected in RNA purified from unfertilized eggs and early
embryos (lanes 7–11). In immunoblot analyses, endogenous
and recombinant XGef are specifically detected as 58-kDa
proteins (Fig. 4B), which correlate with the molecular
weight predicted from the XGef cDNA ORF (Fig. 1B).
XGef protein is relatively abundant in stage III of oogenesis
and then declines slightly later during oogenesis (Fig. 4C).
The level of XGef protein observed in the egg, approxi-
mately 2–4 ng per egg (data not shown), very gradually
decreases throughout embryogenesis to the tailbud stage
embryo (Fig. 4C, lanes 5–11) and then is significantly lower
in tadpole stage embryos (lane 12).
XGef antibody blocks progesterone-induced oocyte
maturation and the polyadenylation and translation of
c-mos mRNA
Because XGef was identified based on its interaction
with CPEB, we wondered whether XGef was involved in
Fig. 2. XGef activates Cdc42 in 293T cells. 293T cells were transiently
transfected with expression plasmids that contain the indicated cDNAs
along with wild-type Cdc42 (A), Rac1 (B), or RhoA (C). At 48 h, lysates
were collected and expression of the HA-tagged derivatives (anti-HA), and
Rho proteins (total Cdc42, total Rac1, and total RhoA), was verified by
immunoblotting. The remaining lysate was then normalized for expression
of either Cdc42 (A), Rac1 (B), or RhoA (C) and then subjected to affinity
purification using immobilized GST-Pak (Rac1 and Cdc42) or GST-C21
(RhoA). GTP-bound Cdc42 (A: GTP-Cdc42) and Rac1 (B: GTP-Rac1) that
were precipitated with GST-PAK, or GTP-bound RhoA (C: GTP-RhoA)
that was precipitated with GST-C21, were visualized by immunoblotting.
Db1-HA1 was included as a positive control for activation of all three
GTPases.
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progesterone-induced oocyte maturation, a process requir-
ing CPEB. We first tested for a functional role of XGef in
this process by injecting XGef-specific antibodies into oo-
cytes and then inducing maturation with progesterone (Fig.
5). Anti-XGef IgG injections of 7.5 ng dramatically reduced
oocyte maturation (Fig. 5A). Injection of 5 ng XGef IgG
resulted in an intermediate reduction of oocyte maturation,
compared with control IgG injection (data not shown). No-
tably, maturation was not affected when oocytes were in-
jected with similar or increased quantities of nonspecific
rabbit anti-rat IgG. We confirmed that the XGef-antibody-
injected oocytes had not undergone maturation by observa-
tion of intact germinal vesicles in dissected oocytes (data
not shown).
CPEB is a critical regulator of the polyadenylation-in-
duced translation of c-mos mRNA (Mendez et al., 2000b;
Stebbins-Boaz et al., 1996). To determine if XGef antibody
injection perturbed Mos protein synthesis, we monitored the
expression of Mos protein, whose synthesis begins early
during progesterone-induced oocyte maturation. We also
examined the activation (by phosphorylation) of MAPK
(PMAPK, Fig. 5B), which is stimulated by Mos protein.
Oocytes injected with 7.5 ng XGef IgG and incubated with
progesterone for 12 h undergo maturation at a very reduced
rate and do not contain detectable levels of Mos or activated
MAPK (Fig. 5B, lane 8), whereas oocytes injected with 7.5
ng nonspecific IgG complete maturation in 12 h and contain
high levels of both Mos and activated MAPK (lane 4).
Because XGef antibody blocked the synthesis of Mos
protein, and because XGef is a CPEB-interacting protein,
we wondered whether the influence of XGef antibody on
progesterone-induced oocyte maturation occurred prior to
c-mos mRNA polyadenylation. We injected oocytes previ-
ously injected with anti-XGef antibody or nonspecific IgG
with 32P-labeled RNA encoding the terminal 321 nt portion
of the c-mos 3UTR, which contains all of the sequence
elements that direct maturation-dependent polyadenylation
in a manner similar to that observed for endogenous c-mos
mRNA (Sheets et al., 1994). Notably, exogenous c-mos
mRNA is not polyadenylated in oocytes injected with XGef
antibody and induced to mature with progesterone (Fig. 5C,
lanes 4–6), strongly suggesting that XGef is required for or
prior to c-mos mRNA polyadenylation.
To control for nonspecific effects of the antibody, we
attempted to rescue the antibody phenotype by overexpres-
sion of XGef in XGef-antibody-injected oocytes. Overex-
pression of HA-XGef, but not HA-Globin, rescued proges-
terone-induced oocyte maturation (Fig. 5D), Mos, and
PMAPK expression (Fig. 5E), and c-mos polyadenylation
(Fig. 5F) in XGef-antibody-injected oocytes. Both the de-
gree of rescue of GVBD (Fig. 5D) as well as the extent of
rescue of c-mos mRNA polyadenylation (Fig. 5F) are de-
pendent upon the quantity of XGef antibody injected, thus
confirming that XGef antibody specifically perturbs endog-
enous XGef function. In summary, these findings strongly
Fig. 3. XGef and CPEB interact in ovo. (A) Messenger RNA encoding
GST-CPEB was injected into stage VI oocytes. After 16 h, oocyte protein
extracts were incubated with glutathione–agarose beads. Bead bound (B) and
unbound (U; 2% of input) samples were analyzed by SDS–PAGE and immu-
noblotting with either an anti-XGef antibody (top) or an anti-GST antibody
(bottom). Endogenous XGef (eXGef) is indicated. (B) The experiment was
performed as in A, except that GST-XGef mRNA was injected into oocytes,
and the samples were immunoblotted with anti-CPEB antibody (top) and
anti-GST antibody (bottom). Endogenous CPEB (eCPEB) is indicated. The
asterisk indicates a band that interacts nonspecifically with the anti-GST
antibody. (C) Various combinations of mRNA encoding either GST-CPEB,
HA-XGef, or HA-Globin were coinjected into stage VI Xenopus oocytes, as
indicated. Oocyte extracts were processed as in A, above, and immunoblotted
with anti-HA (top) and anti-GST (bottom) antibodies. RNAse A (10 ng/l)
was added prior to incubation with glutathione beads as indicated.
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suggest that XGef is involved in progesterone-induced oo-
cyte maturation, and that this occurs prior to c-mos mRNA
polyadenylation.
XGef overexpression accelerates the rate of progesterone-
induced oocyte maturation and the polyadenylation and
translation of c-mos mRNA
To further investigate the role of XGef, we examined
whether its overexpression could influence oocyte matura-
tion (Fig. 6). Oocytes were injected with mRNA encoding
either HA-XGef or HA-Globin and incubated 16 h to allow
sufficient time for the synthesis and accumulation of the
epitope-tagged proteins. Overexpression of HA-XGef pro-
tein alone did not trigger oocyte maturation (data not
shown); however, in progesterone-stimulated oocytes, HA-
XGef overexpression accelerated the rate of GVBD relative
to controls (Fig. 6A). To determine if the observed accel-
eration of GVBD was statistically significant, we repeated
this experiment with oocytes from over eight different frogs
using different mRNA preparations. Because the absolute
time to oocyte maturation varied in oocytes from different
frogs by as much as 4 h, we statistically compared the
difference in time to 50% GVBD (GVBD50) between HA-
XGef overexpressing oocytes and those microinjected with
water. As a control, we also statistically compared the
difference in time to GVBD50 between HA-Globin overex-
pressing oocytes and those microinjected with water. We
find a significant difference (P  0.01) in the time to
GVBD50 in HA-XGef overexpressing oocytes compared
with water injected oocytes of 1.6 h. The rate of maturation
in HA-Globin overexpressing oocytes, in contrast, is not
significantly different from that observed for water-injected
oocytes (Fig. 6B).
The overexpression of XGef also accelerated the appear-
ance of Mos protein and therefore the activation of MAPK
(Fig. 6C). In an experiment similar to that in Fig. 6A,
protein extracts from oocytes overexpressing HA-XGef
were analyzed by immunoblotting with anti-Mos antibody,
anti-phosphorylated MAPK antibody, and anti-HA anti-
body. The appearance of Mos protein and the activation of
MAPK were dramatically accelerated by the presence of
HA-XGef protein (lanes 7–12). Mos protein was first de-
tected at low levels after 3 h (lane 8) and increased signif-
icantly until 1.5 h after 100% GVBD (lane 12). Full acti-
vation of MAPK was first apparent at 5 h (lane 9). By
contrast, only low levels of Mos protein were detected at 7
and 8 h in water-injected oocytes (lanes 5 and 6). PMAPK
was detected at 5 and 6 h in water-injected oocytes at much
lower levels than detected at equivalent times in HA-XGef-
overexpressing oocytes (compare lanes 3 and 4 with lanes 9
and 10). High levels of PMAPK were detected at 7 and 8 h
after progesterone induction (lanes 5 and 6), paralleling the
increase in Mos protein synthesis. These data indicate that
overexpressed XGef can accelerate the accumulation of
Mos protein.
Based on our data showing that XGef antibody prevents
c-mos mRNA polyadenylation, we wondered if overexpres-
sion of XGef would positively influence c-mos mRNA poly-
adenylation. We injected oocytes overexpressing HA-XGef
Fig. 4. Developmental expression of XGef. (A) XGef mRNA expression
during oogenesis and embryogenesis (top). Either one oocyte equivalent
(lanes 1–6) or 20 g (7–11) of total RNA was analyzed by RNA blotting
and hybridization with a 32P-labeled XGef DNA fragment. Bottom,
ethidium bromide staining of ribosomal RNA. (B) The XGef polyclonal
antibody recognizes a 58-kDa protein in immature and mature Xenopus
oocytes that is the same size as recombinant HA-XGef. Three identical sets
of extracts from stage VI oocytes (VI), progesterone-matured oocytes (M),
and stage VI oocytes overexpressing HA-XGef (R) were electrophoresed
on the same gel, electroblotted to PVDF membrane, and incubated with
lanes 1–3, crude anti-XGef polyclonal serum (1:5000 dilution); lanes 4–6,
preimmune serum; lanes 7–9, anti-XGef polyclonal serum (1:5000 dilu-
tion) preincubated with a nitrocellulose strip containing 10 g purified
His-XGef. Immunoblots were incubated with IgG-HRP secondary anti-
body and visualized by chemiluminescence in parallel. (C) Immunoblot
analysis of XGef protein expression during oogenesis and embryogenesis
compared with HA-XGef expressed in one oocyte. Oocytes were obtained
by collagenase dissociation of an ovary and eggs were obtained after
hormonal stimulation of a separate frog. Protein extracts (20 g) were
analyzed by SDS–PAGE, immunoblotting with anti-XGef antibody or
antiproliferating cell nuclear antigen (PCNA), and chemiluminescence.
PCNA is expressed evenly throughout development (bottom) and serves as
a loading control.
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Fig. 5. Affinity purified XGef antibody prevents oocyte maturation and the polyadenylation and translation of c-mos mRNA. (A) Oocytes were injected with
46 nl XB (buffer vehicle) alone or containing the indicated amounts of nonspecific IgG (NS), or affinity-purified XGef IgG. After a 16-h incubation,
maturation was induced with progesterone and the percentage of GVBD, observed as a white spot at the animal pole, in each set of oocytes was scored every
hour and graphed. For each treatment, 50 oocytes were injected. This graph is representative of four independent experiments. Inset: Samples of IgG for
injection analyzed by SDS–PAGE and Coomassie blue staining to assess purity and concentration. (B) Immunoblot analysis of Mos and activated MAPK
(PMAPK) levels in oocytes collected during an experiment similar to the one depicted in A. Protein extracts were analyzed by SDS–PAGE and
immunoblotting with anti-Mos antibody (top), anti-PMAPK antibody (middle), and anti-Xenopus helicase p54 antibody (Xp54; bottom). Xp54 is consistently
expressed throughout oocyte maturation (Ladomery et al., 1997) and therefore serves as a loading control. (C) Polyacrylamide gel analysis of c-mos mRNA
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or HA-Globin with the 32P-labeled c-mos 3UTR and then
induced maturation with progesterone. Polyadenylation of
the c-mos 3UTR was first detected in oocytes overexpress-
ing XGef at 4 h (Fig. 6D, lane 3), and the full extent of
c-mos 3UTR polyadenylation was apparent in 7 h (lane 5).
In contrast, no polyadenylation of c-mos 3UTR was appar-
3UTR polyadenylation in oocytes injected with anti-XGef antibody (12 ng) or nonspecific antibody (12 ng). After 16 h incubation of oocytes injected with
antibody, radiolabeled c-mos 3UTR RNA was injected, and progesterone was added to induce oocyte maturation. RNA was extracted at the indicated times
and analyzed by electrophoresis in 6 M urea, 6% acrylamide gels followed by phosphoimage analysis. These results were observed in three separate
experiments. (D) XGef overexpression stimulates oocyte maturation in XGef antibody-injected oocytes. Oocytes overexpressing HA-XGef (XG) or
HA-Globin (Gl) were injected with the indicated amount (ng) of affinity-purified XGef antibody (XGef IgG) and progesterone was added. The percentage
of GVBD observed 11 h after progesterone addition is indicated for each treatment (30 oocytes each). (E) Immunoblot analysis of Mos and activated MAPK
(PMAPK) in oocytes collected in D. Protein extracts were analyzed by SDS–PAGE and immunoblotting with anti-Mos antibody, anti-PMAPK antibody,
anti-HA antibody (to detect either HA-XGef or HA-Globin), and anti-Xp54 antibody. (F) XGef overexpression restores c-mos mRNA polyadenylation in
XGef antibody injected oocytes. Oocytes from the same frog and treated in parallel to those in D were injected with 32P-labeled c-mos 3UTR in conjunction
with anti-XGef antibody injection and incubated for 3 h prior to progesterone addition. RNA was extracted and analyzed as in C.
Fig. 6. XGef overexpression accelerates oocyte maturation and the polyadenylation and translation of c-mos mRNA. Oocytes were injected with 20 ng HA-Globin
mRNA or HA-XGef mRNA, incubated for 16 h, and then induced to mature with 100 ng/ml progesterone. (A) The percentage of oocytes with GVBD each hour
during oocyte maturation was scored and graphed. For each treatment, 80 oocytes were injected. This graph is representative of 10 independent experiments. (B)
Histogram of the difference in time to GVBD50 in oocytes overexpressing either HA-Globin or HA-XGef and oocytes microinjected with water. The difference in
time to GVBD50 was calculated by subtracting the time to achieve GVBD50 in water-injected oocytes from the time to achieve GVBD50 in HA-XGef or HA-Globin
overexpressing oocytes within an individual experiment. The mean and standard deviation were calculated using data from eight independent experiments. (C)
Extracts were prepared from oocytes injected with either water or HA-XGef, collected at the indicated times after progesterone addition. The samples were analyzed
by SDS–PAGE and immunoblotting with anti-Mos antibody (top), anti-PMAPK antibody (middle), and anti-HA antibody (bottom). The time when oocytes achieved
100% GVBD is indicated by “”. The asterisk indicates an anti-Mos antibody cross-reacting protein and serves as a protein loading control. (D) Polyacrylamide
gel analysis of c-mos mRNA 3UTR polyadenylation in oocytes overexpressing HA-XGef or HA-Globin. Radiolabeled c-mos 3UTR RNA was injected into
HA-XGef and HA-Globin overexpressing oocytes immediately prior to addition of progesterone. RNA was extracted from oocytes collected at the indicated times
and was analyzed by 6 M urea–6% polyacrylamide gel electrophoresis and phosphorimagery. Pairs of open rectangles at an interval of80 adenylate residues were
superimposed within each lane, anchored on the input RNA. The length of the poly(A) tail is indicated by polyA (nt). Boldface type highlights lanes to be compared.
These results were observed in three separate experiments.
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ent in oocytes overexpressing HA-Globin 4 h after proges-
terone addition (lane 10) and full polyadenylation was not
apparent until 12 h (lane 14). The results suggest that HA-
XGef overexpression accelerates Mos protein accumulation
by stimulating the polyadenylation of c-mos mRNA. The
results also provide additional evidence for a functional
interaction of XGef and CPEB in ovo.
The influence of XGef overexpression on oocyte
maturation requires XGef exchange factor activity
To determine if XGef exchange factor activity was re-
quired for the influence of overexpressed XGef on oocyte
maturation, we examined the ability of a version of XGef
lacking exchange factor activity to influence this process
(Fig. 7). We generated this version of XGef by removing the
DH domain (Fig. 7A), which is necessary for nucleotide
exchange activity in Rho-family GEFs (reviewed in White-
head et al., 1997). Importantly, HA-XGef(-DH) interacts
with GST-CPEB in a manner similar to that observed be-
tween wild-type HA-XGef and GST-CPEB (Fig. 7B, com-
pare lanes 2 and 1). In functional assays, we find that
wild-type HA-XGef accelerates progesterone-induced oo-
cyte maturation; however, overexpression of HA-XGef-
(-DH) does not (Fig. 7C). In fact, oocytes overexpressing
HA-XGef(-DH) mature at the same rate as HA-Globin over-
expressing oocytes. Immunoblot analysis for Mos protein
and PMAPK in oocytes overexpressing wild-type HA-XGef
compared with oocytes overexpressing HA-XGef(-DH)
confirms that this exchange defective version of HA-XGef
does not accelerate Mos synthesis or MAPK activation to
the same extent as wild-type HA-XGef (Fig. 7D, compare
lanes 1–6 with lanes 7–12). These experiments strongly
suggest that XGef exchange factor activity is required for
the influence of overexpressed XGef on oocyte maturation.
In addition, our finding that HA-XGef(-DH) interacts with
GST-CPEB confirms that the influence of overexpressed
wild-type XGef on oocyte maturation is not due to the
titration of endogenous CPEB.
Fig. 7. XGef exchange factor activity is required for the influence of XGef overexpression on oocyte maturation. (A) Schematic diagrams of HA-XGef and
HA-XGef(-DH), with the relevant features indicated, as described in the text. (B) HA-XGef(-DH) interacts with GST-CPEB in ovo. Messenger RNA
encoding either HA-XGef or HA-XGef(-DH) was injected into stage VI Xenopus oocytes. After 16 h, protein extracts were prepared, and equivalent amounts
of each HA-fusion protein were combined with extracts from oocytes overexpressing either GST-CPEB or GST and incubated with glutathione–agarose
beads. Bead bound samples were analyzed by SDS–PAGE and immunoblotting with either an anti-HA antibody (top) or an anti-GST antibody (bottom). (C)
Oocytes were injected with 20 ng HA-Globin mRNA, HA-XGef mRNA, or HA-XGef(-DH) mRNA, incubated for 16 h, and then induced to mature with
100 ng/ml progesterone. The percentage of oocytes with GVBD each hour during oocyte maturation was scored and graphed. For each treatment, 50 oocytes
were injected. This graph is representative of three independent experiments. (D) Extracts were prepared from oocytes obtained in C, collected at the indicated
times after progesterone addition. The samples were analyzed by SDS–PAGE and immunoblotting with anti-Mos antibody (top), anti-PMAPK antibody
(middle), and anti-HA antibody (bottom). The time when oocytes achieved 50% GVBD is indicated by “”.
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The acceleration of progesterone-induced oocyte
maturation by XGef requires Mos protein synthesis
We next tested whether Mos synthesis is required for the
effect of XGef on oocyte maturation (Fig. 8). We ablated
Mos synthesis by injection of antisense c-mos oligonucleo-
tides that target c-mos mRNA for degradation. This ap-
proach has been demonstrated to successfully block Mos
protein synthesis, resulting in abrogation of progesterone-
induced oocyte maturation (Sagata et al., 1988). In our
experiments, we injected oocytes with either antisense or
sense c-mos oligonucleotides in combination with either
HA-XGef mRNA or HA-Globin mRNA (Fig. 8). The oo-
cytes were incubated for 16 h to allow both targeted re-
moval of c-mos mRNA and accumulation of epitope-tagged
proteins. Maturation was induced with progesterone, and
oocytes were observed for GVBD. As shown in Fig. 8A,
oocytes injected with antisense c-mos oligonucleotides do
not undergo oocyte maturation (GVBD) in the presence of
either overexpressed HA-XGef or overexpressed HA-Glo-
bin proteins. Immunoblot analysis confirmed that no Mos
protein was synthesized in oocytes injected with antisense
c-mos oligonucleotides (Fig. 8B, lanes 5–8 and 13–16).
Injecting the sense version of the c-mos oligonucleotide did
not affect either the increased rate of oocyte maturation in
oocytes overexpressing HA-XGef versus those overexpress-
ing HA-Globin (Fig. 8A) or the accelerated appearance of
Mos protein in these oocytes (Fig. 8B; compare lanes 1–4
with lanes 9–12).
XGef overexpression accelerates c-mos polyadenylation in
the absence of Mos protein, activated MAPK, and
activated MPF
We also found that ablation of c-mos protein synthesis by
antisense c-mos oligonucleotide injection did not affect the
Fig. 8. The influence of XGef on oocyte maturation requires Mos protein synthesis. Oocytes were injected with 20 ng HA-XGef mRNA or HA-Globin mRNA
plus 100 ng of antisense (A) or sense (S) c-mos oligonucleotides. Oocytes were incubated for 16 h to allow protein synthesis and ablation of endogenous
c-mos mRNA. Progesterone was then added to induce maturation. (A) The percentage of oocytes with GVBD was scored on the hour. Sixty oocytes were
injected with each mRNA and oligonucleotide combination. This graph is representative of three independent experiments. (B) Injection of antisense c-mos
mRNA oligonucleotides ablates Mos protein synthesis. Extracts were prepared from oocytes treated similarly to those in A above, analyzed by SDS–PAGE,
and immunoblotted with anti-Mos antibody (top) and anti-HA antibody (bottom). Collected oocytes lacked a white spot, except as indicated by a “” for
100% GVBD. The asterisk indicates an anti-Mos antibody crossreacting protein and serves as a protein loading control.
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acceleration of c-mos 3UTR polyadenylation observed in
oocytes overexpressing HA-XGef versus those overexpress-
ing HA-Globin (Fig. 9, compare lanes 1–6 with lanes
8–13). Notably, immunoblot analysis of PMAPK and the
phosphorylated (inactive) and dephosphorylated (active)
forms of Cdc2 revealed that neither MAPK nor MPF were
activated in XGef overexpressing oocytes lacking Mos pro-
tein (lower panels, lanes 1–6). In summary, XGef overex-
pression continues to accelerate c-mos polyadenylation in
the absence of Mos synthesis, but cannot stimulate either
MAPK or MPF activation or oocyte maturation. These
results suggest that XGef does not circumvent the Mos
pathway to influence oocyte maturation, but instead func-
tions upstream of c-mos polyadenylation.
Discussion
We describe an analysis of XGef, a CPEB-interacting
protein, and a 58-kDa Rho-family guanine nucleotide ex-
change factor. We propose that XGef is required for the
early steps of progesterone-induced oocyte maturation
based on the following observations: (1) XGef interacts in
ovo with CPEB, a critical regulator of c-mos mRNA poly-
adenylation and translation. (2) The injection of XGef an-
tibodies into oocytes prevents progesterone-induced oocyte
maturation and this effect can be rescued by the overexpres-
sion of XGef protein. (3) XGef overexpression stimulates
the rate of progesterone-induced oocyte maturation in a Mos
protein synthesis dependent fashion. The requirement for
progesterone stimulation for an influence of XGef on oocyte
maturation indicates either that XGef function is regulated
by progesterone or that maturation requires other progest-
erone-stimulated processes. (4) In the absence of Mos pro-
tein synthesis, XGef overexpression does not result in the
activation of MAPK or MPF, indicating the influence of
XGef on Mos synthesis is not due to activation of positive
feedback pathways that lead from activated MAPK and
MPF to Mos synthesis. (5) XGef antibody injection pre-
vents the polyadenylation and translation of c-mos mRNA
and XGef overexpression accelerates the polyadenylation
and translation of c-mos mRNA during progesterone-in-
duced oocyte maturation. These results suggest that XGef is
required for or prior to polyadenylation-induced translation
of c-mos mRNA.
Numerous studies support an early and required role for
Mos protein synthesis in the initiation of Xenopus oocyte
maturation. Mos protein can initiate meiotic maturation in
the absence of protein synthesis (Yew et al., 1992), and the
targeted ablation of c-mos mRNA by injection of antisense
oligonucleotides effectively blocks progesterone-induced
maturation (reviewed in Sagata, 1997). The regulation of
Mos synthesis by polyadenylation-induced translation is in
fact a control point in Xenopus meiotic maturation (Sheets
et al., 1995). By injecting an antisense oligonucleotide tar-
geted to a region just upstream of the c-mos mRNA cyto-
plasmic polyadenylation signals, Sheets and colleagues
were able to selectively remove these signals from the
c-mos mRNA. In these oocytes, amputated, endogenous
c-mos mRNA was not polyadenylated, and the oocytes did
not undergo GVBD in response to progesterone induction.
In a critical control for these experiments, the effect of
c-mos antisense oligonucleotide injection was rescued by
subsequent injection of an oligonucleotide containing the
removed polyadenylation signals connected to a short se-
quence that could base-pair with the endogenous, amputated
c-mos mRNA. This prosthetic mRNA stimulated c-mos
mRNA translation and rescued progesterone-stimulated oo-
cyte maturation (Sheets et al., 1995). This study supports
work by other investigators demonstrating the requirement
for Mos synthesis in initiating progesterone-stimulated oo-
cyte maturation. In addition, the fact that c-mos mRNA
translation and the subsequent initiation of meiotic matura-
tion were rescued by injection of the prosthetic mRNA
indicates that the effect of the first injected c-mos antisense
oligonucleotide on oocyte maturation was specific and not
due to a nonspecific toxic effect on the oocyte, as has been
recently proposed (Dupre et al., 2002). Based on the sub-
stantial literature linking Mos synthesis with the initiation of
Fig. 9. XGef overexpression accelerates c-mos mRNA polyadenylation in
the absence of Mos protein. Polyacrylamide gel analysis of c-mos mRNA
3UTR polyadenylation in oocytes injected with antisense or sense c-mos
oligonucleotides. Oocytes overexpressing either HA-XGef or HA-Globin
and containing either the antisense or the sense c-mos oligonucleotide were
injected with radiolabeled c-mos 3UTR RNA, and progesterone was added
to induce oocyte maturation. RNA was extracted from oocytes collected at
the indicated times after progesterone addition and was analyzed by 6 M
urea–6% polyacrylamide electrophoresis and phosphorimagery. The
length of the poly(A) tail is indicated by polyA (nt). These results were
observed in two separate experiments. Bottom panels: Protein extracts
from oocytes treated in parallel, but not injected with 32P-labeled c-mos
3UTR, were analyzed by SDS–PAGE and immunoblotting with anti-Mos
antibody (top panel), anti-PMAPK antibody (second panel), anti-Cdc2
antibody [which detects both phosphorylated (Cdc2-P) and dephosphory-
lated forms of Cdc2; third panel], anti-HA antibody (HA-XGef on the left
and HA-Globin on the right, fourth panel), and anti-Xp54 antibody (bottom
panel).
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oocyte maturation, we propose that the perturbation of c-
mos polyadenylation and translation by XGef overexpres-
sion or injection of XGef antibody may be the direct cause
of the observed effects on oocyte maturation. However, an
alternative possibility is that perturbation of XGef function
interferes with the activation of other mRNAs that must be
translated for oocyte maturation (Barkoff et al., 1998; Ne-
breda et al., 1995), such as the mRNA encoding RINGO
(Ferby et al., 1999).
We have demonstrated that XGef exchange factor activ-
ity is required for the influence of overexpressed XGef on
oocyte maturation and that XGef is a functional guanine-
nucleotide exchange factor for human Cdc42 when overex-
pressed in mammalian cells. These results suggest that en-
dogenous XGef may function as a GEF in Xenopus oocytes,
possibly for Cdc42. Endogenous Cdc42 is presumably ac-
tive in resting oocytes and the early phases of oocyte mat-
uration, based on the finding that the serine/threonine kinase
X-PAK2, a downstream effector of Cdc42, is active during
oocyte maturation until inhibition by activated MPF (Cau et
al., 2000). The roles of active X-PAK2, and therefore active
Cdc42, in the early phases of progesterone-induced oocyte
maturation are unknown; however, it is clear that active
Cdc42 is inhibitory later during oocyte maturation. Injection
of constitutively active human Cdc42 increases the level of
activated X-PAK2, and this directly results in a complete
block of progesterone-induced oocyte maturation (Cau et
al., 2000). The effect of this treatment on Mos synthesis is
unknown. Endogenous XGef could be involved in the main-
tenance of active Cdc42 in the early phases of oocyte
maturation. In general, however, our data with XGef, which
can activate Cdc42 in mammalian cell culture, are contrary
to the data describing Cdc42-GTP as inhibitory to oocyte
maturation. We find that overexpression of XGef acceler-
ates progesterone-induce oocyte maturation and that XGef
antibody injection blocks this process. This apparent dis-
crepancy has the following likely explanations: (1) The
activities of endogenous XGef and Cdc42, as for all GEFs
and G-proteins, are most likely modulated through interac-
tion with regulatory proteins and alterations in intracellular
compartmentalization (Schmidt and Hall, 2002). These con-
ditions may not be recapitulated in overexpression assays,
indicating that such assays should be interpreted carefully.
(2) Endogenous XGef may be an exchange factor for a
different or as-yet-unidentified G-protein in Xenopus oo-
cytes. Several homologs of Rho family G-proteins in addi-
tion to Cdc42 (GenBank Accession No. AF275252) have
been identified in Xenopus, including RhoA (GenBank Ac-
cession No. AF151015) and Rac (GenBank Accession No.
AF174644), and, considering that over 10 Rho-family G-
proteins have been identified in mammals (Bishop and Hall,
2000), Xenopus certainly contain several others. Frabin, the
GEF most closely related to XGef, activates both Cdc42 and
Rac in NIH3T3 and MDCK cells (Ono et al., 2000; Yasuda
et al., 2000). One previous study has implicated the Rho-
stimulated pathway in oocyte maturation. In this experi-
ment, overexpression of inactive XROK, a downstream
target of Rho, blocked maturation induced by insulin, but
not by progesterone (Ohan et al., 1999). On the other hand,
Rac does not appear to have a role in oocyte maturation.
Specific inactivation of oocyte Rac function with a mixture
of Clostridium toxins failed to inhibit progesterone-induced
maturation (Rime et al., 1998). In agreement with these
results, Cau et al. (2000) demonstrated that neither consti-
tutively active nor dominant-negative human Rac 1 influ-
enced progesterone-induced maturation. The physiologi-
cally relevant GTPase substrates for XGef during oocyte
maturation remain to be determined.
XGef contains other potential functional domains. In
addition to a role in guanine nucleotide exchange (Aghaza-
deh et al., 1998), the PH domain has been implicated in
mediating transient membrane association (Gulli and Peter,
2001). Two additional domains within XGef may partici-
pate with the PH domain to regulate the association of XGef
with membranes. The carboxyterminal amino acids of
XGef, CSSL, conform to the CAAL box consensus se-
quence for addition of a geranylgeranyl isoprenoid group
(Schafer and Rine, 1992). XGef is the only GEF identified
to date that contains a CAAL box. Notably, all Rho-family
G-proteins are geranylgeranylated on a CAAL box, and this
modification works in conjunction with a second mem-
brane-associating domain to facilitate plasma membrane or
internal lipid bilayer interaction (Schafer and Rine, 1992;
Seabra, 1998). The second domain within XGef that could
be involved in recruitment to the membrane is the coiled-
coil domain. An example of this is found in the Rho-GEF,
Tiam1, which contains a coiled-coil domain that appears to
work in conjunction with the PH domain and a third domain
for recruitment to the membrane (Stam et al., 1997). The
recruitment of G-proteins and GEFs to membranes corre-
lates with GTPase activation (Symons and Settleman,
2000). Therefore, geranylgeranylation of XGef, in conjunc-
tion with the PH and coiled-coil domains, might facilitate
the membrane association of XGef, which could subse-
quently allow XGef to rapidly respond to engagement of the
progesterone receptor and influence the early events of
oocyte maturation.
A definitive role for Rho-family G-protein signaling in
the early events of Xenopus oocyte maturation has not been
described, although our limited understanding of the events
leading from engagement of the progesterone receptor to
Aur-A kinase activation implies that there are additional
components that have yet to be identified. In this article, we
have described the analysis of XGef, a Rho-family GEF,
and a proposed new component of the progesterone-induced
signaling pathway in Xenopus oocytes. We have demon-
strated that XGef interacts with CPEB in ovo, and that XGef
appears to function at a time during oocyte maturation when
CPEB function is required; however, the precise functional
role of XGef in CPEB-mediated events, and vice versa, is
presently unclear. The functional association of XGef, a
Rho-family GEF, with CPEB, a translational control pro-
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tein, could represent a link between regulation of the trans-
lational status of mRNAs with the cytoskeletal reorganiza-
tion that occurs during Xenopus oocyte maturation (Gard,
1999). Experiments to explore these possibilities are under-
way.
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